Gemcitabine (2,2-difluorodeoxycytidine, dFdC) and cytosine arabinoside (cytarabine, ara-C) represent a class of nucleoside analogs used in cancer chemotherapy. Administered as prodrugs, dFdC and ara-C are transported across cell membranes and are converted to cytotoxic derivatives through consecutive phosphorylation steps catalyzed by endogenous nucleoside kinases. Deoxycytidine kinase (DCK) controls the rate-limiting step in the activation cascade of dFdC and ara-C. DCK activity varies significantly among individuals and across different tumor types and is a critical determinant of tumor responses to these prodrugs. Current assays to measure DCK expression and activity require biopsy samples and are prone to sampling errors. Noninvasive methods that can detect DCK activity in tumor lesions throughout the body could circumvent these limitations. Here, we demonstrate an approach to detecting DCK activity in vivo by using positron emission tomography (PET) and 18 
D
evelopment of new diagnostic, patient stratification, and treatment-monitoring approaches will accelerate the implementation of personalized therapy in cancer. Positron emission tomography (PET) using [ 18 F]f luorodeoxyglucose ([ 18 F]FDG) measures drug-induced changes in tumor glucose metabolism that correlate with clinical end points of treatment efficacy (reviewed in ref. 1) . Such ''metabolic responses'' are detected earlier than changes in tumor volumes assessed by computed tomography (CT) (2) (3) (4) (5) . [ 18 F]FDG PET has been validated as an indicator of therapeutic responses in gastrointestinal stromal tumors (4, 5) , high-grade soft tissue sarcomas (3), metastatic breast cancer (6) , lung cancer (7) , and adenocarcinoma of the esophagogastric junction (8) .
In addition to treatment monitoring, PET may also prove useful in guiding therapeutic decisions before treatment initiation. Measurements of estrogen receptor expression by using [ 18 F]fluoroestradiol PET could be useful for stratifying breast cancer patients for estrogen-based therapy (9, 10) . PET using [4- 18 F]fluorobenzaldehyde-conjugated aminooxy-protein scaffolds has been used in small animal models to detect tumoral Her2 expression (11) . Similar approaches could guide the selection of chemotherapy regimes. However, PET probes that can measure the activity of proteins or biochemical pathways targeted by common chemotherapy drugs are lacking. If available, such probes could enable pretherapeutic stratification of patients and reduce the frequency of ineffective chemotherapy.
To develop PET probes and assays that are predictive of responses to chemotherapy, we focused on a class of pyrimidine and purine nucleoside prodrugs represented by gemcitabine [2Ј,2Ј-difluorodeoxycytidine (dFdC, Gemzar)] and cytosine arabinoside (ara-C) (Fig. 1A ). These and related compounds fludarabine, cladribine (Leustatin), and clofarabine (Evoltra /Clolar) are used in solid and hematologic malignancies (reviewed in ref. 12) . A shared feature of these prodrugs concerns their critical requirement for deoxycytidine kinase (DCK, EC 2.7.1.74) activity to initiate their conversion from inactive prodrugs to cytotoxic derivatives. DCK phosphorylates dFdC, ara-C, and related prodrugs and thereby traps them intracellularly ( Fig. 1 A) .
The efficacy of the dFdC and ara-C class of prodrugs is limited by several resistance mechanisms (reviewed in ref. 13) , with low DCK activity playing a major role (14) (15) (16) . Single-nucleotide polymorphisms in the regulatory region (rSNPs) of DCK correlate with responses to ara-C in acute myeloid leukemia (AML) (17) . Other rSNPs correlate with low DCK expression and lower blast ara-C-5Ј-triphosphate levels in AML patients receiving ara-C as continuous infusion (18) . Treatment-induced resistance to dFdC has been documented in cell lines and animal models (reviewed in ref. 19) . dFdC-treated patients with tumors expressing low levels of DCK have shorter survival rates compared with those with tumors expressing high levels of this enzyme (20, 21) . Previous studies show a good correlation among measurements of tumor DCK mRNA (22) , protein (23) , and enzymatic activity (15) , and responses to dFdC and ara-C. However, the accuracy of such invasive methods is limited by sampling errors caused by disease heterogeneity, both within a large tumor and between different tumor lesions or metastases. A noninvasive method to visualize DCK activity throughout the body could circumvent this limitation.
Herein we describe a PET imaging approach for noninvasive detection of DCK activity and prediction of tumor responses to dFdC. We recently developed 18 F-labeled 1-(2Ј-deoxy-2Ј-fluoroarabinofuranosyl) cytosine ([ 18 F]FAC; Fig. 1 A) , a PET probe that is sensitive to changes in lymphoid mass and immune activation in animal models (24) . [ 18 F]FAC was identified by differential screening of nucleoside analogs for preferential retention in activated vs. naïve T lymphocytes (24) . We showed that ectopic overexpression of DCK in NIH 3T3 fibroblasts increased the uptake of FAC and dFdC, suggesting that these related nucleoside analogs might be metabolized in a similar manner (24 (Fig. 1 A) is a substrate for DCK, we performed kinase assays using purified recombinant enzyme. dFdC and the endogenous DCK substrate 2Ј-deoxycytidine (dCyd) were used as positive controls. Fluoro-Lthymidine (FLT), a thymidine kinase 1-specific substrate, was used as a negative control. DCK phosphorylated FAC and dFdC to a similar degree, whereas FLT was not phosphorylated (Fig.  1B) . The kinetic parameters of recombinant DCK for dCyd [ Table 1 and supporting information (SI) Fig. S1 ] were similar to published data (25) . FAC displayed a lower K m value than dCyd (0.34 M vs. 1.05 M) with a similar V max value (218.9 nmol/min per mg vs. 247.2 nmol/min per mg).
FAC Retention in Leukemic Cells Is Critically Dependent on DCK
Activity and Correlates with Sensitivity to dFdC. To investigate the relationship between FAC retention and DCK activity, we used isogenic cell lines expressing various levels of DCK. The L1210 model consists of the DCK-positive wild-type (L1210 wt) line and the DCK-deficient subline L1210-10K (14) . We used retroviral transduction to restore DCK expression in the L1210-10K cells (L1210-10KϩDCK; Fig. 2A ). L1210 wt cells were sensitive to dFdC, whereas the DCK-deficient line was Ͼ15,000-fold resistant. Adding back DCK to the L1210-10K line completely restored dFdC sensitivity ( Fig. 2B and Table S1 ). L1210 wt cells phosphorylated FAC, whereas L1210-10K cells did not (P Ͻ 0.001). DCK-deficient cell lines reconstituted with DCK showed enhanced phosphorylation of FAC (224% relative to L1210 wt cells, P Ͻ 0.001), consistent with the increased DCK expression (Fig. 2 A and C) . The pattern of dFdC phosphorylation in these cell lines was similar to that of FAC (Fig. 2C ). To detect phosphorylated FAC metabolites, kinase reaction products were analyzed by HPLC (Fig. S2 ). L1210 wt samples yielded two peaks consisting of FAC and FAC-monophosphate (FAC-MP, with a FAC to FAC-MP ratio of 1.5), whereas L1210-10K samples yielded a single peak corresponding to FAC.
Radioactive tracer uptake assays using [ 3 H]FAC and [ 3 H]-dFdC were performed for each cell line. The DCK-positive L1210 wt cell line displayed substantial uptake of both FAC and dFdC, whereas L1210-10K cells did not take up FAC or dFdC ( Fig. 2D ; P Ͻ 0.001). Reintroduction of DCK in the L1210-10K cells restored the uptake of both FAC and dFdC above wild-type levels ( Fig. 2D ; 230% and 316% over wild-type cells for FAC and dFdC, respectively, P Ͻ 0.001). FLT and 2-deoxyglucose (2-DG), which are not substrates for DCK, showed similar uptake in all three cell lines (Fig. 2E) .
To determine whether the results in the murine L1210 system could be extended to human cell lines, we used the lymphoma line CCRF-CEM (CEM wt), and its DCK-deficient variant, CEM-R (26) . CEM wt cells were sensitive to dFdC (IC 50 0.049 M), whereas CEM-R cells were highly resistant (IC 50 8.0 mM). Adding back DCK in CEM-R cells (CEM-RϩDCK) partially restored sensitivity to dFdC (IC 50 2.05 M) (Table S1 ). CEM wt cells phosphorylated FAC and dFdC, whereas CEM-R cells did not (P Ͻ 0.001). CEM-RϩDCK cells phosphorylated FAC and dFdC to at least 50% of wild-type levels (P Ͻ 0.001) ( Fig. S3 A  and B) . Accordingly, the DCK-positive CEM wt cells showed higher FAC and dFdC uptake compared with the DCK-deficient CEM-R cells (P Ͻ 0.001). Adding back DCK to CEM-R cells did not rescue FAC (P ϭ 0.03) and dFdC (P ϭ 0.03) uptake to levels seen in the CEM wt cells, in accordance with the partial phosphorylation rescue (Fig. S3C) . FLT uptake was also decreased in the CEM-R cells relative to CEM wt cells (P ϭ 0.003), reflecting their slower growth kinetics seen in cell culture (data not shown).
Stratification of DCK-Positive and -Negative Tumors by Using [ 18 F]FAC MicroPET/CT and Noninvasive Prediction of Tumor Responses to dFdC.
To determine whether To determine the predictive value of [ 18 F]FAC microPET/CT, we established a dFdC treatment model in which L1210 wt and L1210-10K tumor-bearing mice were scanned before treatment initiation (Fig. 3D ). Mice were then treated with dFdC (360 mg/kg), and tumor responses were assessed by caliper measurements and postmortem histological analysis. [ 18 F]FAC-positive L1210 wt tumors responded to dFdC and showed a significant decrease in volume compared with both untreated controls and dFdC-treated [ 18 F]FAC-negative L1210-10K tumors (P Ͻ 0.001), which increased in volume (Fig. 3D) . Histological analysis showed that L1210 wt tumors from dFdC-treated mice displayed a mitotic index of 0, whereas tumors from control and L1210-10K tumor bearing mice displayed mitotic indexes with an average of 9 (data not shown). drugs and enable physicians to explore additional therapeutic options rapidly. dFdC is used in several hematopoietic malignancies and solid tumors. However, response rates are low and rarely exceed 20% (27, 28) . Reported DCK enzymatic activity in tumors ranges from 5 to 18 pmol/h per mg of protein, and previous studies have found these values to correlate with sensitivity to dFdC (15, 29) . The DCK activity in L1210 wt leukemia cells was 0.4 nmol/h per mg, well within the range observed in other tumors. Although our data indicate that [ 18 F]FAC microPET can distinguish DCK-positive from DCKnegative cell lines and tumors, future studies are needed to determine whether this approach can also detect more subtle variations in DCK levels or other facets of tumor nucleoside metabolism. To detect the threshold of enzyme required to be predictive of dFdC response, tetracycline-regulated DCK expression in cell culture systems is being exploited. We are also generating conditional DCK-knockout mice to provide a model in which to study the effects of DCK inactivation and haploinsufficiency on the uptake of FAC. Finally, projected clinical studies will explore the correlation between DCK levels of tumor biopsies and the observed [ 18 F]FAC signals. In addition to dFdC, several other prodrugs also depend on DCK for their activation. Ara-C, cladribine, and fludarabine are used primarily in hematological malignancies. More recently, clofarabine and troxacitabine have been evaluated in clinical trials for various cancers (13 that these tumors synthesize their DNA primarily via the de novo pathway rather than by using the DCKdependent nucleoside salvage pathway. In turn, this may indicate that these patients could respond to therapies that interfere with the de novo pathway, including conventional drugs like hydroxyurea-and siRNA-based approaches that block the function of key enzymes in the de novo pathway such as ribonucleotide reductase (30) (31) (32) .
Discussion

Additional Mechanisms of dFdC Resistance and Potential Limitations of [ 18 F]FAC PET.
Other biochemical mechanisms in addition to DCK have been involved in dFdC resistance. dFdC is taken up via nucleoside transporters at the cell membrane (Fig. 1 A) . Down-regulation of the human equilibrative nucleoside transporter-1 (hENT-1; SLC29a1) was associated with lower response rates to dFdC (reviewed in ref. 13 ). Our previous data suggest that similar to dFdC, FAC is transported by SLC29a1 (24 (K1) is similar between these tumors, whereas net retention (Ki) is significantly higher in the L1210 wt tumors vs. the L1210-10K tumors (Fig. S5) . These findings suggest that kinetic analysis of [ 18 F]FAC PET data could potentially be used to assess drug uptake. Such analyses could also be used to determine whether drugs shown to synergize with dFdC such as cisplatin (27) and pemetrexed (34) enhance dFdC uptake by tumor cells in vivo. In this context, treatment with dFdC induces a flare in FAC uptake in cell culture, similar to the flare reported for FLT (35) . Our data indicate that L1210 wt cells display cell cycle arrest after 16 h of dFdC treatment and show increased FAC and FLT accumulation compared with the resistant L1210-10K cells (Fig. S6) . These results warrant follow-up in vivo studies and suggest that posttherapy [ 18 F]FAC PET imaging could be useful to monitor tumor responses to dFdC.
Elevated levels of cytidine deaminase (CDA) have been associated with dFdC and ara-C resistance (reviewed in ref. 13 ). CDA converts significant amounts of deoxycytidine-based prodrugs into inactive uracil metabolites (Fig. 1 A) . Elevated CDA expression has been associated with poor progression rate and survival in advanced pancreatic adenocarcinoma patients treated with dFdC (36) . Similar to dFdC, FAC is also susceptible to deamination (D.O.C. and C.G.R., unpublished observation). Thus, [ 18 F]FAC PET may provide a measurement of resistance caused by elevated CDA activity. In addition to CDA, overexpression of the ribonucleotide reductase subunit M1 (Fig. 1 A) has also been implicated in dFdC resistance (37, 38) . It is currently unknown whether [ 18 Concluding Remarks. The advent of personalized medicine has provided the impetus for the development of new imaging tools that can enable molecular stratification of tumor lesions and can be used to guide and monitor treatment. Several such approaches have been developed in recent years. Using phage display, Han et al. (39) have identified peptides that bind specifically to tumors that respond to a combination of antiangiogenic therapy and radiotherapy. Radiolabeled analogs of these peptides could be used for PET-based monitoring of early treatment responses (39) . In addition to PET, other noninvasive imaging modalities such as MRI (40) and CT (41) could also prove useful. Finally, targeted radiotherapeutics, such as metaiodobenzylguanidine, have been used to identify patients with neuroblastoma or pheochromocytoma that will respond to radioiodine therapy (42) .
Alone or in combination, PET, CT and MRI could represent the first step toward a ''toolbox'' of noninvasive imaging methods for patient stratification and individualized chemotherapy. In conjunction with gene expression profiling, high-throughput DNA sequencing, and proteomics, these imaging tools may have a significant impact in oncology.
Materials and Methods
Cell Lines and Drugs. The murine leukemic lines (L1210 wt and L1210-10K) (14) were a gift from Charles Dumontet (Université Claude Bernard Lyon I, Lyon, France). The human lymphoma line CCRF-CEM and its ara-C-resistant DCKnegative derivative line (CEM-R) (26) were provided by Margaret Black (Washington State University). All L1210 and CEM cell lines were cultured in RPMI medium 1640, supplemented with 5% FCS and 2 mM L-glutamine, in a 5% CO2 37°C incubator. The amphotrophic retrovirus packaging cell line Phoenix (American Type Culture Collection, SD 3443) was used for the production of murine stem cell virus-based retroviruses (43) containing enhanced GFP (eGFP) and human DCK. L1210-10K cells and CEM-R cells were transduced with retrovirus as described in ref. 24 . The transduction efficiency was Ϸ50%, and cell sorting for eGFP expression using flow cytometry ensured a pure population of DCK-expressing cells. dFdC was obtained from the UCLA pharmacy, and stock solutions were prepared in 0.9% saline.
Antibodies and Western Blotting. Total cellular protein (30 g) was subjected to SDS/PAGE on 12% wt/vol acrylamide gels (Bio-Rad). Protein was transferred to nitrocellulose membrane (88018; Pierce) that was blocked overnight at 4°C in the LiCor blocking solution (927-40000; LiCor Biosciences). Membranes were probed with primary antibodies for 1 h at room temperature. The rabbit polyclonal antibody against DCK was provided by Françoise Bontemps (University Catholique de Louvain, Belgium) (44) . The mouse anti-actin antibody (A4700; Sigma) was used as loading control. Membranes were washed with PBS-T (Tween 0.1% wt/vol), probed with an infrared dye-labeled secondary antibody (926-32210 and 926-32211; LiCor Biosciences) for 1 h, washed again with PBS-T, and then scanned by using the Odyssey infrared imaging system. IC 50 Assay. Cells were plated in 96-well plates (5 ϫ 10 3 cells in 50 L of medium) and allowed to settle for 1-3 h. Serial 5ϫ drug dilutions of dFdC, starting at 400 M, were prepared in RPMI medium 1640, and 50 L of each dilution was added to cells, bringing the final volume to 100 L per well. Cells were incubated for 72 h at 37°C, 5% CO2.The ATPlite assay (6016739; PerkinElmer) was used for IC 50 measurements (45) .
In Vitro Kinase and Uptake Assays. Recombinant DCK was purified from the Escherichia coli strain SØ441 (cdd-and urt-strain) that expresses human DCK in a pETHT vector (a gift from Margaret Black). Cellular protein was isolated from the L1210 and CEM cells lysed by consecutive freeze/thaw cycles. For in vitro kinase reactions, pure DCK or whole-cell lysates (0.2 g/L total protein) were incubated with 1 Ci of 3 H-labeled FAC, dFdC, dCyd, FLT (MT1858, MT1572, MT953, respectively; Moravek Biochemicals) or 18 F-labeled FAC. UTP was used as a phosphate donor (U6875; Sigma). Radioactivity was determined by using a Beckman scintillation counter (LS 6500). Kinetic analyses of the recombinant DCK were performed by using the Kinase-Glo Max luminescent kinase assay kit (V6071; Promega) (46) . The protocol was adapted from a previous report (47) . Briefly, kinase assays with purified recombinant DCK were performed in the presence of dCyd (0 -300 M), dFdC (0 -300 M), or FAC (0 -228 M) in 50 mM Tris (pH 7.6), 2 mM MgCl2, and 3 mM ATP at 37°C. After 30 min, reactions were stopped by heating to 95°C for 5 min. The mixture was then cooled to room temperature and diluted 6-fold before the addition of the Kinase-Glo Max reagent. The luminescent output was measured by using the HT analyzer (PerkinElmer) plate reader. Radioactive tracer cell uptake assays were carried out as reported in ref. 24 . Statistical Analyses. Data are presented as means Ϯ SEM. Multiple group comparisons were performed by using Student's t test. IC50 curves were calculated by using a nonlinear regression model [log (inhibitor) vs. response].
In Vivo Treatment
All P values are two-sided, and P values of Ͻ0.05 are considered to be statistically significant. Data were analyzed by using Statistica version 6.0 software for Windows (StatSoft) and SPSS release 14.0 (SAS Institute). Graphs were generated by using the GraphPad Prism 5 software.
